of KBP. On the strength of these data, we propose here indicates that not all the residues contributing to the binding have been identified, while a ⌺⌬⌬GЊ value higher a 3D model structure of the KBP ligand-binding domain than the ⌬GЊ (WT) suggests that the interactions made that fully accounts for the selectivity, competitive interacby the residues contributing to the ⌺⌬⌬GЊ value are tions, and binding energetics of the above mentioned KBP necessary and possibly sufficient to account for the ligands. This model can now serve as a template for the ligand binding energetics. However, it is clearly possible elaboration of parallel models of the ligand-binding dothat additional residues are involved or that some resimain of all Glu receptor channels.
dues interact only indirectly with the ligand and contribute to binding by stabilization of the ligand-binding Results pocket via a hydrogen bond network (Berland et al., 1995) or via the solvent. Using this approach, we observed that the mutations Probing the KBP Putative Ligand-Binding Domain found to reduce the affinity for KA (E33V, Y36F, Y73I, and To guide the selection of the KBP ligand-binding amino T102A) did not fully account for KA binding free energy. acids to be mutated, we initially built a 3D model strucMoreover, the substitution of the other amino acids that ture based both on the X-ray structure of LAOBP (Oh align with the ligand-binding residues of LAOBP (O'Hara et al., 1993) and on the amino acid sequence alignment et al., 1993) and that were predicted to contribute to KA of KBP with LAOBP as proposed by O'Hara et al. (1993) .
binding were found either to not affect KA binding (T30A We then mutated by site-directed mutagenesis the and L263A) or to completely abolish it (R107S, T268A, and amino acid residues aligning with the ligand-binding E316A/Q). In the latter case, the transfected cell membrane residues of LAOBP. We also mutated the residues lopreparations were also submitted to SDS-polyacrylamide cated in the interlobe cleft (i.e., in the putative ligandgel electrophoresis (SDS-PAGE) to allow the probing, with binding pocket) and in its vicinity. Furthermore, we muanti-KBP antibodies, of the presence and integrity of KBP tated residues in the glycine-rich motif (G69-G74, which (see below). include the GxGxxG nucleotide-binding motif) as well On the strength of these results and assuming that as those amino acids present in the KBP segment W82-R107, T268, and E316 were not involved in ligand bind-Q92 that has no counterpart in LAOBP according to ing, we reasoned that the reliance on the LAOBP tem-O' Hara et al. (1993) . Finally, we mutated residues in plate for KBP modeling had to be challenged. In the segment K276-K297 that do not align well with LAOBP.
search for an alternative and guided by the approach In most cases, residues were substituted with alanine, described in detail in the Experimental Procedures (unbut specific amino acid substitutions were also made der the heading Alignments and Computer-Assisted Moto produce more limited reductions of either charge, lecular Modeling), we observed that the atomic coordihydrogen bonding capacity, or bulkiness.
nates of two PBPs, the LAOBP (Oh et al., 1993) and the Following transfection of human embryonic kidney phosphate-binding protein (PhosBP; Luecke and Quio-(HEK) 293 cells with the various plasmids harboring the cho, 1990; Wang et al., 1994) , were likely to provide more mutated KBP cDNAs, we carried out measurements of appropriate templates for building a model structure of the displacement by unlabeled KA of [ 3 H]KA bound to KBP. This model structure includes two lobes, I and II, purified membrane preparations and determined the built according to the atomic coordinates of LAOBP and values of the apparent dissociation constant for inhibiPhosBP, respectively. It also suggests a novel sequence tion, Ki (KA), for all mutants. For the mutants found to alignment between KBP and PBPs ( Figure 1 ) that differs affect KA binding, the respective ⌬GЊ values were then from the three alignments proposed (Nakanishi et al., calculated from the relation: ⌬GЊ ϭ ϪRT lnKi app. 1990; Cockcroft et al., 1993; O'Hara et al., 1993) . Upon The ⌬GЊ values of the Gibbs free energy of binding inspection of the interlobe cleft of this KBP hybrid model were used in the following way to help us in the assessstructure, several predictions were made. Accordingly, ment of whether all the amino acids that contribute to the we performed a second round of mutations and obbinding of a given ligand have been identified. Assuming served that, indeed as expected, mutants displaying that the mutation does not modify the conformation of the substitutions S266A, S267A, and Y299A exhibited a the ligand-binding domain, we reasoned here that a decreased affinity toward KA. mutation in the binding site will primarily affect the ability
In Table 1 , we present the KA binding parameters of of the replacing residue to interact directly with the liall the KBP mutants. Calculating the ⌺⌬⌬GЊ value for gand, but may also perturb the short distance interacthe set of mutations displaying a reduced affinity for KA tions made upon ligand binding by the given residue with (see Table 3 ), one observes that it is in excess of the its neighbors. By subtracting the value ⌬GЊ measured for ⌬GЊ for WT KBP. Thus, on the basis of this criterion, we the mutant from that obtained for wild-type (WT) KBP, concluded that most if not all the amino acids involved a value ⌬⌬GЊ is obtained. The latter represents the conin KA binding have been identified. Since the predictions tribution of the substituted side chain to the ligand bindof the KBP hybrid model turned out to be correct for ing energy. It will be underestimated if the replacing KA binding, we used it as well for the identification of residue at the mutated position contributes, by itself, to the subset of amino acids accounting for the binding of the ligand binding free energy. It will be overestimated Glu and CNQX ( The sequences of LAOBP and PhosBP were taken from X-ray structures (Oh et al., 1993; Luecke and Quiocho, 1990) . For definition of segments SЈ1 and SЈ2, see legend to Figures 4A and 4B. cKBP and fKBP correspond to proteins from chick cerebellum and frog brain, respectively. LAOBP and PhosBP cannot be aligned by standard alignment programs and were therefore aligned on the basis of their X-ray structures. The structural alignment was performed separately for lobe I (LAOBP residues 1-88 plus 196-232) and lobe II (LAOBP residues 89-195) by superimposing the C␣ atoms of corresponding secondary structure elements that are denoted here by the underlined residues. The root square mean deviation (rsmd) for 84 C␣ atoms in the upper lobe is 2.9 Å , and the rsmd for 47 C␣ atoms in the lower lobe is 2.5 Å . The alignment of cKBP with LAOBP and PhosBP was carried out as described in the Experimental Procedures. QBP, fKBP, GluR1, GluR5, and GluR6 were aligned with KBP using FASTA. Except for the PhosBP N177 and LAOBP Q143 (see below), the bold residues correspond to amino acids shown to be either in contact with the ligand (LAOBP and PhosBP) or to be involved in ligand binding (cKBP, GluR1 [Paas et al., 1996; Mano et al., 1996] ). The PhosBP N177 and LAOBP Q143 residues were shown to be located within the ligand-binding pocket and to contribute to its bond network via PhosBP T10 andT141 and LAOBP Y14, respectively. mutations were defined: mutations that reduced the by the mutation of one of the amino acids involved in the binding of KA and Glu. Indeed, Y73 appears to play KBP affinity for a ligand by at least a factor of five ( Figure  2 ; bold letters in Tables 1 and 2); mutations that caused a pivotal role in ligand recognition as it is involved in the binding not only of all three ligands, but also of GTP partial or total degradation of KBP and a subsequent loss of KA binding ( Figure 3 and Table 1 ); mutations that (Paas et al., 1996) . In contrast, replacement of P100 for an alanine resulted in a significant loss of binding affinity caused no degradation of KBP but a complete loss of KA binding (Figure 3 and Table 1 ); mutations that profor CNQX, a small effect on Glu binding, and no effect on KA binding. duced no changes in the KBP affinity for KA, Glu, or CNQX (Tables 1 and 2 ).
According to the results presented in Table 3 , the amino acid residues forming the KA-and Glu-binding Mutations That Significantly Reduced the KBP Affinity for at Least One Ligand sites seem to have been identified, but not all those forming the CNQX-binding site. In the latter case, we Tables 1 and 2 and Figure 2 show that only eight amino acid residues of the 43 positions examined are involved investigated all the KBP mutants harboring mutations of residues predicted to be in the ligand-binding pocket in ligand binding: E33, Y36, Y73, P100, T102, S266, S267, and Y299. Their involvement is ligand selective as exand displaying KA binding. This included mutations of W82, L101, and T30 located in the vicinity of the interlobe pected from residues forming a binding pocket able to recognize ligands with very different chemical struccleft. Although the apparent Ki value for CNQX could not be determined from the displacement curve obtures. The sets of amino acids involved in binding not only differ for each ligand, but also in the extent of their served for Y73I ( Figure 2 and Table 2 ), the contribution of this tyrosine side chain to the CNQX binding free involvement. Substitution of E33 for valine exerts a very strong effect (110-fold decrease) solely on KA binding. energy can be estimated to be larger than 4 kcal/mol. Inspection of the data presented in Figure 2 and Table In contrast, the decrease in binding affinity for Glu is much more profound than for KA in the case of Y36F 1 shows that the displacement curves for KA binding display Hill coefficient (n H ) values significantly greater (30-and 5-fold, respectively), Y73I (90-and 10-fold, respectively), and T102A (100-and 58-fold, respectively). than 1.0 but smaller than 2.0, indicating that KA binds, in a cooperative manner, to two subunits of the membraThe moderate but statistically very significant effect on the KA binding affinity revealed in the case of S266A, nous KBP complex. Interestingly, the E33V, T102A, S266A, and S267A mutants exhibit approximately the S267A, and Y299A (5-to 6-fold decrease) is not observed for Glu binding. CNQX binding is affected only same n H values as WT KBP, while Y36F, Y73I, and Y299A 
The apparent Ki value for WT KBP is 0.45 Ϯ 0.05 M and its n H ϭ 1.50 Ϯ 0.1. Asterisks indicate the residues aligning, according to O'Hara et al. (1993) , with the ligand-binding residues of LAOBP. The mutants in bold correspond to residues likely to be involved in KA binding. Their apparent KA binding affinity significantly differs from that of the WT KBP (p Ͻ 0.015). Y36F, Y73I, and Y299A display significantly different Hill coefficient value compared with WT KBP (p Ͻ 0.025). All values were rounded to the closest decimal number. WT indicates that the mutant KBP binds the ligand with the same affinity as WT KBP or with slightly decreased apparent affinity, up to 2-fold. WT a represents the cases in which the apparent affinity decreased up to 3-fold. NB represents the mutants that showed no mutants display significantly higher values. In allosteric place, and the mutated KBP binds ligands with approximately the same affinity as the WT KBP ( Figure 3 and proteins, a change of the nH due for instance to a mutation indicates a loss or gain of intersubunit interaction Table 1 ).
Mutations That Caused No Degradation of KBP energy. In the case of two identical binding sites, the free energy of intersubunit interactions (⌬GЊ H ) can be but a Complete Loss of KA Binding The pattern of migration on SDS-polyacrylamide gels calculated from the relation , 1964; Levitzki, 1978) . Subtraction of the ⌬GЊ H of the Y36I, R107S, T268A, V294A, E316Q, and F342I mutants is also presented in Figure 3 because they bevalues calculated for the KBP mutants from that of WT KBP yields a ⌬⌬GЊ H value (see footnotes to Table 3 ).
long to a group of mutants that migrate as the WT KBP, but display no detectable KA binding affinity (see Table  The latter represents the gain or loss of energy of intersubunit interactions. The ⌬⌬GЊ H values are small but 1). This lack of binding is not due to a low level of expression of the mutated proteins. The intensity of the significant and may account for part of the loss of ligand binding free energy (⌬⌬GЊ) displayed by Y36F, Y73I, and immunolabeling of the KBP mutants is equal to or stronger than that of WT KBP (Figure 3) . Therefore, one possibly by Y299A. Notably, CNQX binding to WT KBP and its P100A mutant display no cooperativity (nH ϭ 1.0) cannot conclude as to the role in ligand binding of the residues R107, T268, E316, and F342 though, as deas expected from an antagonist.
Mutations That Caused Partial or Total Degradation
scribed below, they are located in the vicinity of the predicted ligand-binding pocket. of KBP and Subsequent Loss of KA Binding Figure 3 presents data illustrating the finding that several Mutations That Produced No Significant Changes in KBP Affinity for KA, Glu, and CNQX mutations lead to partial or total degradation of KBP. These include Y36A, D70S, T83A, G84A, L90A, L101A, Of the 43 different locations at which amino acid substitution were made, 29 had no influence on ligand binding. G265N, M287A, and E316A. However, when more conservative mutations are made at some of these positions
Mutations as drastic as G87R, E88V, or E285A did not affect KA, Glu, or CNQX binding, indicating that the (D70N, L90V, L101V, and M287V), no degradation takes currents align with the ligand-binding residues of respect, inspection of the KBP hybrid model structure NC indicates that the apparent Ki value could not be calculated because of the lack of CNQX solubility at concentrations Ն0.5 mM suggests that a small ligand such as glycine is unlikely (see Figure 2C ).
to be in concurrent contact with all the residues suggested by Kuryatov et al. (1994) and Hirai et al. (1996) .
It is of importance to point out that the results of ligand disruption of local networks of interactions did not cause binding measurements performed in the present study distant detrimental effects.
on mutant receptor proteins at equilibrium, and the subsequent calculations of the binding free energies and Discussion their sums (⌺⌬⌬GЊ), are not on their own devoid of ambiguities of interpretation. The reasons for this are as folThe notion according to which the ATD and the TMIIIlows: a mutation of a ligand-binding residue may affect TMIV-connecting segment of iGluRs form an extracellular the network of mutual interactions between residues in ligand-binding domain shaped like the bilobated bacterial the ligand-binding pocket (Schreiber and Fersht, 1995 , 1996) . However, no description of the ligand-binding be readily distinguished from those of residues involved pocket of a Glu receptor was made until now to account in the maintenance of the conformation of the entire in detail for its pharmacological specificities. In the present ligand-binding domain. These various side effects (menstudy, we have identified, in the chick cerebellar KA-bindtioned above) may cause the ⌺⌬⌬GЊ to exceed signifiing protein, a member of the KA/AMPA (␣-amino-3-cantly the ⌬GЊ value of KA binding to WT KBP. Thus, hydroxy-5-methyl-4-isoxazole-propionic acid) receptor the ⌺⌬⌬GЊ value should be seen only as an assisting family, the amino acid residues forming the sites of interactool. It cannot be used exclusively to decide on the tions of KA, Glu, and CNQX. This identification was rennature and number of amino acid residues involved in dered possible by the methodology adopted here that binding. Information on the high affinity desensitized combines site-directed mutagenesis, ligand binding meastate of the receptor is obtained when ligand binding surements, free energy determinations, and computer-asstudies are performed at equilibrium. Thus, only amino sisted molecular modeling.
acids contributing to high affinity ligand binding may be Previous studies on non-NMDA (N-methyl-D-asparidentified, while those involved exclusively in the low tate) receptors have used only some of the components affinity active state may not be identified. of this methodology and, thus, did not reach the present The ambiguities of mutagenesis followed by ligand level of resolution. Uchino et al. (1992) , Li et al. (1995) , binding studies are nevertheless counterbalanced in the and Mano et al. (1996) have mutated residues in the present case by the availability of the already resolved putative extracellular portions of AMPA receptors and, protein structures of LAOBP and PhosBP that can be by using electrophysiological recordings from Xenopus used as templates for KBP model building. Accordingly, oocytes, observed changes in the agonist efficacy of the proposed model structure can be examined to deterGlu, AMPA, and quisqualate (Quis) but not of KA. Whether mine whether the amino acids identified as forming a the mutations affected ligand binding rather than the chanspecific ligand-binding site are found at spatial locations nel activation pathway could not be unequivocally distincompatible with the chemical structure and space-filling guished. However, in Mano et al. (1996) , the residues affecting the ability of Quis and Glu to inhibit KA-evoked properties of the ligand. Although a model structure Tables 1 and 2. remains only an approximation of the real structure, it by the location outside the interlobe cleft, of the many residues that were found not to be involved in ligand is of heuristic value if the suggested structure is coherent and in agreement with the experimental results.
binding (green balls in Figure 4 ; see below). Inspection of the results presented in Figure 2 and Tables 1-3 readily reveal that the residues involved in ligand binding are The Ligand-Binding Pocket The boundaries of the ligand-binding pocket are demainly those that were predicted to be in the ligandbinding pocket from both the sequence similarity befined, from a biochemical point of view, by the amino acid residues for which mutations affect ligand binding.
tween KBP and bacterial PBPs (see Figure 1 ) and from the model structure based on the established X-ray They are also delineated, on the basis of the KBP model, HEK 293 cells were transfected with an empty pMT3 plasmid (sham) or with a pMT3 plasmid harboring cDNAs encoding WT KBP or its mutants. Following membrane preparation, aliquots of 40 g proteins were subjected to analysis by SDS-PAGE followed by immunoblotting with affinity-purified polyclonal anti-KBP antibodies. The WT KBP is seen as a 49 kDa polypeptide and corresponds to a preparation expressing 300 pmol KBP/mg protein. Note that the crude membrane preparations possibly contain ER-and Golgi membrane-bound KBP. However, when WT KBP or its mutants that display the same KA binding affinity were expressed, there was a linear correlation between the ECL signal and the level of [ 3 H]KA binding. The substituted amino acids, their positions, and the replacing residues are indicated within the figure. The KBP mutants T83A and G84A with which several transfections were made were not detected by the specific antibodies. We assume that the T83A and G84A mutants underwent complete degradation, since the cells transfected with these two mutants displayed the typical morphological changes of high KBP expression (round and poorly adhering cells).
structures of two PBPs (Figure 4 ). Particularly in lobe I, addition, Y299 aligns with the PhosBP N177 residue that is located within the phosphate-binding pocket and the ligand-binding residues of KBP share with those of bacterial PBPs similar side chain properties. In all iGluR contributes to the bond network that stabilizes it. None of the ligand-binding residues is positively charged, but subunits, the aromaticity at positions equivalent to the Glu/KA-binding residues of KBP, Y36, and Y73 is conall of them, except for P100, have the ability to form hydrogen bonds. Such a mode of ligand binding, based served. The same applies to the hydroxyl moiety of T102, except in the case of GluR6, that harbors an alanine on hydrogen bonding rather than ionic pairing, is surprising in view of the fact that KBP binds preferentially at the equivalent position. E33 that was shown, upon mutagenesis, to affect KA but not Glu binding affinity is dicarboxylic amino acids such as KA, domoate, and Glu. conserved in all non-NMDA receptors. S267 is conserved in most of the iGluRs. The KBP ligand-binding Amino Acids Likely to Contribute to the Stabilization of the Tertiary Structure pocket includes Y299, which is not conserved. It is noteworthy that the AMPA and KA ionotropic receptors conThe KBP hybrid model structure places the side chains of R107, T268, E316, and F342 in the vicinity of the tain, at the equivalent position, a hydroxyl moiety. In WT and NC are as in Table 2 . Gibbs free energies ⌬GЊ in kcal/mol, are calculated as described in Experimental Procedures.
⌬⌬GЊ ϭ ⌬GЊ (WT)Ϫ⌬GЊ(mut).
The calculated ⌬⌬GЊЈ value is the net free energy of binding and accounts for the fact that ⌬⌬GЊ includes the gain or loss of energy of intersubunit interactions (⌬⌬GЊ H). Thus, ⌬⌬GЊЈ ϭ ⌬⌬GЊϪ⌬⌬GЊH where ⌬⌬GЊH ϭ ⌬GЊH(WT)Ϫ⌬GЊH(mut) and ⌬GЊH ϭ ϩ0.5 RT ln[(2ϪnH)/nH], nH being the Hill coefficient value. For example, for WT KBP, n H ϭ 1.5, thus, ⌬GЊ H(WT) ϭ 0.5 ϫ RT ϫ ln[(2Ϫ1.5)/1.5] ϭ Ϫ0.3 kcal/mol. The negative value indicates that energy ought to be invested to allow the intersubunit allosteric transition. For Y73I, the intersubunit interaction energy is ⌬GЊ H(Y73I) ϭ 0.5 ϫ RT ϫ ln[(2Ϫ1.93)/1.93] ϭ Ϫ0.9 kcal/mol, thus ⌬⌬GЊ H(Y73I) ϭ Ϫ0.3 kcal/mol Ϫ Ϫ0.9 kcal mol ϭ ϩ0.6 kcal/mol. ⌬⌬GЊЈ (Y73I) ϭ 1.3 kcal/mol Ϫ 0.6 kcal/mol ϭ 0.7 kcal/mol. All values were rounded to the closest decimal number. However, the nonrounded figures were used for the statistical analysis. ⌬GЊ (mut) (A) Transmembrane topology of KBP. Segment S1 (amino acids 1-147) represents the stretch extending from the first amino acid to TMI, while S2 (residues 232-397) is composed of the amino acid sequence connecting TMIII to TMIV. Segments SЈ 1 (residues 24-129) and SЈ 2 (residues 245-377), which constitute the model structure and harbor the ligand-binding pocket, are shown in cyan and blue, respectively. The white stretches show the KBP segments that were not accounted for in the model of KBP ( Figure 4B ). In a previous unpublished work, a KBP mutant lacking the amino-terminal first 10 amino acids was shown to bind KA as efficiently as WT KBP. (B) The bilobated model structure of the ligand-binding domain of KBP. Segment SЈ 1, beginning at residue 24 (cyan ball), is depicted in cyan color, whereas segment SЈ 2 is shown in blue. Lobe I is built of SЈ1 residues 24-119 and of SЈ2 residues 341-377. Lobe II is composed of SЈ1 residues 120-129 and SЈ2 residues 245-340. The amino acids likely to interact with KA, Glu, and CNQX and thus to line the binding pocket are shown in yellow. These are E33, Y36, Y73, T102, S266, S267, and Y299 for KA; Y36, Y73, and T102 for Glu; Y73 and P100 for CNQX; and Y73 and K72 for GTP (Paas et al., 1996) . The amino acid residues likely to be involved in stabilization of the protein tertiary structure are shown as magenta-colored balls. The amino acids shown not to be involved in ligand binding are presented as green balls. The white loop (segment G69-N81 of lobe I) is a region having no counterpart in LAOBP. It was built as described in Experimental Procedures. The blue ball at position 276 shows the beginning of the loop-␣ helix-loop-␤ strand structure (amino acids 276-297; for details, see Experimental Procedures). (C) The suggested docking mode for KA. E33 forms a hydrogen bond with the tertiary amino group of the KA ring, Y73, T102, and S267 form hydrogen bonds with the oxygen atoms of the KA 3-carboxymethyl moiety, while the hydroxyl groups of S266 and Y299 form hydrogen bonds with the KA 2-carboxyl moiety. The interaction between T268 and Y299 is equivalent to that formed in PhosBP by N177 and T141. (D) Two docking modes for Glu are illustrated. Glu ␣-carboxyl is predicted to serve as a hydrogen bond acceptor for the hydroxyl group of either Y73 or T102, while its ␣-amino group interacts with the hydroxyl group of either T102 or Y73. Alternatively, a -cation interaction between the amino group of Glu and the aromatic ring of Y73 may take place. According to both docking patterns, the Glu ␥-carboxyl moiety is suggested to serve as a hydrogen bond acceptor for the hydroxyl group of Y36. (E) Suggested docking mode of CNQX. The dashed white lines represent the possible hydrogen bonds. The ligands are shown with the following color code: carbon, green; oxygen, red; nitrogen, blue. The protein residues are colored as described in (B).
ligand-binding pocket. Yet, the R107S, T268A, E316Q, stabilizing the conformation of the ligand-binding pocket. We favor the latter possibility, because the KBP and F342I mutants did not display any KA binding though they were expressed in HEK 293 cells to very model structure shows that R107, E316, and F342 are too far away to be in direct contact with KA, while T268 high levels and migrated on SDS-PAGE as WT KBP (Figure 3) . Thus, the role of these residues in ligand is closer but more likely to interact with S266 and Y299 ( Figure 4C ). It is relevant to mention that the amino acids binding cannot be established, since either the residues R107, T268, E316, and F342 interact directly and in a that belong to this category are highly conserved throughout the iGluRs and KBPs. critical fashion with KA or/and play a structural role in KBP as an Allosteric Protein may account for the guanine nucleotide binding properties of KBP (Paas and Teichberg, 1992; , The Hill coefficient values for the displacement curves of KA observed for WT KBP and its mutants (Table 1) 1996; Gorodinsky et al., 1993) . Second, the KBP GxGxxG nucleotide binding address or glycine-rich motif (resiclearly indicate the existence of cooperative interactions between two homologous binding sites in the membradues 69-74) is located at the opening of the interlobe cleft at an exposed position readily available for interacnous KBP complex. The larger n H values displayed by the Y36F, Y73I, and Y299A mutants for KA binding and tions with antibodies. This is in line with the observations that antibodies directed against the KBP nucleotide by Y36F and Y73I mutants for Glu binding (Table 2) are at first glance quite puzzling. However, a change in n H binding address prevent the photoaffinity-labeling reaction of GTP with KBP (Paas et al., 1996) . Third, the KBP is expected in allosteric proteins if the transition to the high affinity state is impaired by a mutation that affects region corresponding to the flip-flop region of AMPA receptors (Sommer et al., 1990) is not located in the either the interconversion between states or the ability of the ligand to stabilize the high affinity state. In the case vicinity of the interlobe cleft but rather forms a long kinked ␣-helical structure at the back of the molecule. of KBP, as it is for many neurotransmitter receptors, the ligand stabilizes the transition to the high affinity state It is depicted, in Figure 4B , as part of the dark blue segment in lobe I. It is of interest to note that mutations and thus the latter is likely to be affected by the mutation of a residue participating in ligand binding. Accordingly, introduced in AMPA receptors at positions corresponding to the residues located close to the kink of this long the calculated ⌬⌬GЊ values for the Y36F and Y73I will include a contribution to the allosteric transition, i.e., helix were shown by Partin et al. (1995) to exert an influence on the sensitivity of GluR1 toward cyclothiato the intersubunit interaction energy (Wyman, 1964; Levitzki, 1978) . In the case of Y299A, no statistically zide, an agent that interferes with the desensitization process of AMPA receptors. Fourth, the residues that significant difference exists between ⌬⌬GЊ and ⌬⌬GЊЈ (see Table 3 ).
do not affect ligand binding (green balls in Figure 4 ) are located away from the ligand-binding site. In view of the homology of KBP with LAOBP, it is of relevance to mention that the latter exists, in the absence Most recently, Sutcliffe et al. (1996) have proposed a model structure of the AMPA GluR1-binding domain and of ligand, in a dynamic equilibrium of two conformations with open and closed lobes. Upon ligand binding, the a mode for KA docking in GluR6 based solely on the homology with LAOBP and on the mutations previously closed conformation of LAOBP is being stabilized (Oh et al., 1993) . If such stabilization of a closed-lobe conformaintroduced, in GluR1, at two positions (E398 and K445) by Uchino et al. (1992) and Li et al. (1995) . The proposed tion also takes place in a KBP subunit upon binding of an agonist, one may expect that the closed conformation of location of K445 in the ligand-binding pocket as proposed by Sutcliffe et al. (1996) is neither in line with our the neighboring subunit will be stabilized as well. Thus, mutations of some of the residues in the ligand-binding binding data nor with the results of Mano et al. (1996 and unpublished data) who did not observe changes pocket are anticipated to affect the ability of the ligand to bind and regulate the allosteric transitions. Accordingly, in KA-, Glu-, and Quis-evoked responses in Xenopus oocytes injected with the GluR1 K445A mutant. one may suggest that, among the ligand-binding residues, Y36 and Y73 contribute to the allosteric properties of KBP, while E33, T102, S266, and S267 do not.
The Specific Ligand-Binding Sites KA interacts with all the amino acids forming the KBP ligand-binding pocket with the exception of P100. Four A Model Structure of the Ligand-Binding Domain The current KBP hybrid model structure of the ligandresidues belong to the S1 region and three to the S2 region (see Figure 4A for definition and amino acid numbinding domain of KBP ( Figure 4A ) depicts almost the entire KBP with the exception of the putative TM segbering), indicating that the KA-binding domain occupies the interface between the two regions. However, analyments, the TMI-TMIII-connecting stretch, and the intracellularly located carboxy-terminal tail of 47 amino sis of the contributions to the free energy of KA binding of the individual amino acid residues shows a signifiacids. Thus, the model includes most of the extracellularly located regions of the protein, but lacks the 18-, cantly larger contribution to binding of the S1 residues (7 kcal/mol) than of the S2 residues (2.7 kcal/mol). The 13-, and 20-amino acid long extracellular segments that are respectively located adjacent to TMI, TMIII, and suggested docking modes of KA is presented in Figure  4C . It is in line with the space-filling and chemical proper-TMIV and that have no counterparts in the PBPs. Since segments of 13-20 amino acids can be of significant ties of KA. Glu interacts with three of the amino acids lining the lengths, depending on their conformation, one cannot decide, as other authors did (Stern-Bach et al., 1994;  KA-binding pocket and may bind in two docking modes, as illustrated in Figure 4D . It is of importance to note Sutcliffe et al., 1996; Hirai et al., 1996) , as to the parallel, perpendicular, or oblique orientation of the lobes with that the lobe II residues that line the ligand-binding pocket and interact with KA do not interact with Glu. respect to the plane of the membrane. Inspection of the model structure reveals several Notably, to optimize hydrogen bonding, T102 must have different side chain conformations when KA or Glu prominent structural features. First, in both lobes, a central core of a pleated sheet is found surrounded by are docked within the binding pocket. In view of the homology of KBP with LAOBP, it is of relevance to menhelices. This supersecondary structure, called the Rossmann fold (Branden and Tooze, 1991), is typical not only tion that upon lysine binding to LAOBP, three side chains, located within the substrate binding pocket, of PBPs but also of nucleotide-binding proteins, which Oh et al., 1993) . tion site to be used for screening. For those putative mutants with Among the residues affecting KA binding, only Y73I the expected restriction map, the sequence was verified using the interacts with CNQX. The search among all the residues T7 sequencing kit from Pharmacia as recommended. located in the predicted ligand-binding pocket for additional interacting residues led, following inspection of Membrane Preparations and Binding Assays the KBP hybrid model structure, to the examination of Transfections of adhesive HEK 293 cells were performed as described by Paas et al. (1996) . For the assay of [ 3 H]KA binding to the P100A mutant. The latter was found, indeed, to lose membrane-bound WT KBP and its mutants, the protocols described affinity toward CNQX. In light of the fact that none of by Paas et al. (1996) were used.
the KA-binding residues, except for Y73, is involved in All binding curves were carried out at least twice with each con-CNQX binding, and because no other residues are in centration points in triplicates. Displacement curves were fitted to suitable proximity, we suggest that CNQX docks on KBP The building of the model structure was based on the assumption the amino acid side chains that line the respective that KBP is structurally related to the PBPs. The programs FASTA (Pearson and Lipman, 1988) , BLAST (Altschul et al., 1990) , and the ligand-binding pocket so as to account for the diversity Smith-Waterman algorithms (Smith and Waterman, 1981) were used in the ligand binding specificities and affinities displayed to align separately the S1 and S2 segments of KBP (see Figure 4A by the various subtypes of Glu receptor/channels. At for definition and amino acid numbering) with the sequences of this stage, the KBP model structure was already used , 1996) .
with one significant deviation. The sequence G69-G80 instead of W82-Q92 is the insert having no corresponding sequence in LAOBP Experimental Procedures and other PBPs, in agreement with Nakanishi et al. (1990) and Cockcroft et al. (1993) .
Chemicals
In contrast, most of the S2 segment did not show a significant H]kainic acid (58 Ci/mmol) was purchased from New Enamino acid sequence similarity with any PBP, in agreement with gland Nuclear (Boston, MA). Unless stated otherwise, other chemicals Nakanishi et al. (1990) . A consensus is reached only for a short were purchased from Sigma Chemical Company (St. Louis, MO).
sequence located at the carboxy-terminal portion of S2 (residues 341-377), which could be aligned with the carboxy-terminal sePreparation of KBP Mutants quence of the PBPs and which forms part of lobe I. KBP cDNA was subcloned in pMT3 expression vector (a gift from the Genetics Institute, Cambridge, MA) (Swick et al., 1992) between
The secondary structure predictions for the SЈ1 and SЈ2 segments
